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ABSTRACT
The quasar HE0450-2958 was recently discovered (Magain et al. 2005) to reside ∼ 7 kpc away from a
galaxy that was likely disturbed by a recent merger. The lack of a massive spheroid of stars around the
quasar raised the unlikely suggestion that it may have formed in a dark galaxy. Here we explain this
discovery as a natural consequence of a dynamical kick imparted to the quasar as it interacted with a
binary black hole system during a galaxy merger event. The typical binary stalling radius provides a
kick of order the escape velocity of the stellar spheroid, bringing the quasar out to around the observed
radius before it turns around. This is consistent with the observed low relative velocity between the
quasar and the merger-remnant galaxy. The gas carried with the black hole throughout the three-body
interaction fuels the quasar for the duration of its journey, ∼ 2 × 107 years. Gravitational radiation
recoil could not have produced the required kick.
Subject headings: black hole physics – galaxies: evolution – galaxies: interactions – galaxies: nuclei –
(galaxies:) quasars: individual (HE0450-2958) – galaxies: starburst
1. INTRODUCTION
Observations indicate that every massive galaxy con-
tains a supermassive black hole in its nucleus, which
shines as a quasar during episodes of rapid mass ac-
cretion. The vigorous gas inflows needed to fuel
the most luminous quasars are thought to be trig-
gered by galaxy mergers, in which tidal interac-
tions channel large amounts of gas into the cen-
tral ∼ 100 pc (Byrd et al. 1987; Hernquist 1989).
The maximum luminosities of quasars are strongly
correlated with the properties of their host galaxies
(Shields et al. 2003; Floyd et al. 2004), in accordance
with the tight correlations observed between black hole
mass and stellar bulge mass (Magorrian, et al. 1998;
Marconi & Hunt 2003; Peng et al. 2005) and velocity dis-
persion (Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Tremaine et al. 2002) in quiescent galaxies.
Given these correlations, the recent discovery
(Magain et al. 2005) of a bright (MV = −25.8) quasar
at redshift z = 0.285 apparently not surrounded by a
massive host galaxy is surprising indeed. For emission at
the Eddington luminosity, the inferred black hole mass
is ∼ 4 × 108M⊙. There is a neighboring, luminous star-
burst galaxy at a separation of ∼ 1.7′′ corresponding
to 7.2 kpc for a flat universe with a present-day Hub-
ble parameter H0 = 71 km s
−1 Mpc−1, and a matter
density parameter Ωm = 0.27. This companion galaxy
has a disturbed morphology and is heavily obscured
by dust, typical of the Ultra-Luminous Infrared Galax-
ies (ULIRGs) systematically associated with near equal-
mass mergers (Sanders et al. 1988). Its visual magni-
tude is MV = −23. Close to the quasar lies a bright
blob about 2 kpc across, consisting of gas ionized by
the quasar radiation. The spectrum of the blob shows
no stellar component and no dust extinction; hence the
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host galaxy cannot be hidden by dust. The typical host
for an MV = −25.8 quasar is an elliptical galaxy with
MV ≈ −23.2, about the magnitude of the neighboring
ULIRG. However after carefully deconvolving a new HST
image of the system, Magain et al. find no sign of any
such galaxy surrounding this quasar. Fixing the half-
light radius at Re = 10 kpc (a typical size for the host
of an MV ∼ −26 quasar), they put a conservative up-
per limit of MV = −21.2, 3.7σ fainter than expected,
on the magnitude of any host. Alternatively, adopting
MV = −23 for the host magnitude, they set an upper
limit of ∼ 100 pc on Re, much too small for a normal
galaxy of this magnitude.
We suggest that the quasar observed in HE0450-2958
may be a black hole that was ejected from the nucleus of
the companion galaxy during the major merger causing
its disturbed appearance. The gas now fueling the quasar
was dragged with it from the galactic center when it was
kicked out. If one of the merging galaxies harbored a
binary black hole, then when the black hole from the
other galaxy entered the system a complex 3-body inter-
action would ensue, shortly ending with the ejection of
the lightest black hole at a velocity of order the binary
orbital velocity (Heggie 1975). This scenario implies that
one of the merging galaxies was relatively gas-poor (per-
haps a giant elliptical), to allow survival of the binary
against gasdynamical friction for a Hubble time before
the merger. On the other hand at least one of the galax-
ies must have been gas-rich, in order to fuel the quasar.
The two galaxies must have been close in mass, to ex-
plain the ULIRG appearance of the merger remnant and
the high inferred black hole mass of the quasar, since it
is the lightest body that gets ejected.
The Eddington accretion rate for a black hole of mass
M = 4 × 108 M⊙ is M˙Edd = (4πGMmp)/(ǫσT c) =
8.9ǫ−1
−1M⊙ yr
−1, where mp is the proton mass, σT the
Thomson cross-section, and ǫ = 0.1ǫ−1 is the radiative
efficiency. It takes ∼ 2 × 107 yr for the black hole to
reach a turnaround radius of 7.2 kpc, so in order to re-
main shining with ǫ−1 ∼ 1 at the observed distance the
2black hole must drag at least ∼ 36% of its own mass
with it in gas when it is ejected. The distances of clos-
est approach in our three-body interactions are often
larger than the radius containing this mass in an α–disk
(Shapiro & Teukolsky 1983), and so the inner accretion
disk can follow the black hole throughout the interaction
and get ejected with it.
2. BLACK HOLE BINARIES AND EJECTIONS
When two galaxies of comparable mass merge, their
black holes sink to the center by dynamical friction
and form a gravitationally bound binary. Once the bi-
nary separation reaches the ”hardening radius”, rhard ≈
G[min(M1,M2)]/4σ
2 ∼(1–5) pc for massive galaxies
(where σ is the 1D stellar velocity dispersion and M1,2
are the black hole masses), its further reduction is dom-
inated by close encounters with stars that pass within
the binary orbit. These stars undergo strong 3-body in-
teractions with the binary and escape its vicinity with
speeds comparable to the binary orbital speed. Only
stars on nearly radial orbits can contribute to the hard-
ening of the binary in this stage. In the low-density nuclei
of massive elliptical galaxies, the total mass in stars on
these so-called ”loss cone” orbits is small compared to
the mass of the binary. Since the two-body relaxation
time is long compared to the Hubble time, stars cannot
diffuse back into the loss cone as fast as they are kicked
out. If all stars on loss cone orbits run out, the decay
of the binary ceases. Since the binary ejects of order its
own mass in stars per e-folding in radius, one naively ex-
pects binaries in the cores of massive elliptical galaxies
to stall at separations of order 1 pc. If the separation
reaches ∼0.01-0.1pc, then the binary would quickly co-
alesce through the emission of gravitational radiation.
The question of whether and how it crosses the gap from
∼ 1 pc to this smaller scale is known as the ”final parsec
problem” (Merritt & Milosavljevic 2004).
Black hole binaries may coalesce in some cases but
not others. For example, the mass of any close binary
companion to the nuclear black hole of the Milky Way
is limited to M2 . 10
4M⊙ by the Keplerian orbits of
stars near the galactic center (Merritt & Milosavljevic
2004). The so-called X-shaped radio galaxies have been
explained as jets bent by sudden changes in the spin of
a black hole upon coalescence with a binary companion
(Merritt & Milosavljevic 2004). Gas drag may lead to
coalescence in gas-rich mergers (Merritt & Milosavljevic
2004); however the gas-poor cores of massive ellipticals
could allow binaries to stall. There are some tentative
observational hints that sub-parsec scale binaries exist,
including periodic variations and double-peaked broad
line profiles in active galaxies, and central minima in the
surface brightness profiles of some early type galaxies
which are possibly associated with the clearing of the
loss cone around stalled binaries (Komossa 2003).
When an unequal mass black hole binary coalesces by
gravitational radiation, the waves carry off a net linear
momentum and the merged black hole recoils in the op-
posite direction (Favata et al. 2004). However 300 km
s−1 is a reasonable upper limit to the velocity achievable
by this mechanism (Merritt et al. 2004; Blanchet et al.
2005). A mass ejected radially at 300 km s−1 from the
center of the average stellar spheroid hosting a 4×108M⊙
black hole (Mvir = 1.7 × 1011M⊙, Re = 3.6 kpc) would
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Fig. 1.— Black hole trajectories following a 3-body ejection. The
blue (thick) line shows the path of the intruder and the red and
yellow (thin) lines that of the binary members; each is plotted only
until its first return to the galactic center. Time labels in units
of 107 yrs are marked off at various points along the trajectory,
going out and returning. In the upper left inset we zoom in on the
innermost ±7 pc. Here the trajectories are plotted only up to the
point of ejection (with return trajectories left out). One can clearly
see the binary and intruder flying off in opposite directions at the
end of the interaction. The lower panel shows the distribution of
ejection velocities over all ∼105 runs.
only reach a distance of ∼ 150 pc before turning around,
far smaller than the separation of the quasar in HE0450-
2958 from its companion galaxy.
If a binary stalls and its host galaxy merges with an-
other galaxy, a third black hole may spiral in and undergo
strong three-body interactions with the pair. The merger
event will drive mass through the binary at a significant
rate, partially refilling the loss cone, but the final stages
of the merger transpire so rapidly that the intruder is
likely to arrive in the vicinity of the binary before the
binary has a chance to coalesce (Milosavljevic & Merritt
2001). The three-body interaction will end in the harden-
ing of the binary by an amount comparable to its initial
binding energy, and the ejection of the lightest body at a
speed comparable to the binary’s orbital speed (Heggie
1975). The binary’s orbital speed at the stalling radius is
a few times σ, i.e. of order the escape velocity vesc from
the stellar bulge (e.g. for a Hernquist profile (Hernquist
1990) vesc = 2
√
2vcirc(r = a) with σ ∼ vcirc). Thus,
qualitatively we expect three-body kicks to yield ejection
velocities of order the bulge escape velocity, resulting in
many near-ejections. This is consistent with the large
distance and low velocity of the HE0450-2958 quasar rel-
ative to the ULIRG. Figure 1 shows an example of such
a near-escape trajectory.
3. NUMERICAL CALCULATIONS
To make our dynamical arguments more quanti-
tative, we ran a series of 83,250 3-body scatter-
ing experiments using Sverre Aarseth’s KS-regularized
(Kustaanheimo & Stiefel 1965) Chain code (Aarseth
2003) to compute the black hole trajectories. In each
case the intruder’s mass was set to M3 = 4×108M⊙ and
the masses of the initial binary members were chosen
3uniformly in their logarithm between 1.0 and 3.5 times
the mass of the intruder, a generic range for major merg-
ers. From here on we will refer to the initial black hole
binary as the inner binary and the “binary” formed by
the intruder and the inner binary’s center of mass as
the outer binary. The semi-major axis abin of the in-
ner binary was always initialized to rhard/4, and that
of the outer binary was set using the stability criterion
of Mardling and Aarseth (Mardling & Aarseth 1999),
(Routp /ain) ≈ 2.8[(1+ qout)(1 + eout)/
√
1− eout]
2
5 , which
reliably estimates the most distant intruder orbit for
which strong 3-body interactions can begin. Here Routp
is the pericentre distance of the outer binary, ain is the
semimajor axis of the inner binary, qout =M3/(M1+M2)
is the mass ratio of the outer binary, and eout is the outer
binary’s eccentricity. The initial eccentricity of the inner
(outer) binary was chosen uniformly between 0.0 and and
0.2 (0.3), where this range of low eccentricities naturally
results from dynamical friction. Finally, the three Euler
angles of the intruder’s orbital plane were chosen ran-
domly relative to the reference plane of the binary orbit,
as was the phase of the initial periastron of the binary.
Both orbits were always started at pericentre; since many
orbital periods elapse before unstable interactions begin,
the relative phase is effectively randomized in any case.
The Chain code allows the user to add conserva-
tive or velocity-dependent external perturbations, and
so we added a dynamical friction force given by Chan-
drasekhar’s formula (Chandrasekhar 1943) to the mo-
tion of each body. The density and Coulomb logarithm
lnΛ were chosen to give a dynamical friction timescale
∼ 106 yr. Each run was terminated when (a) any one
of the bodies was expelled to a distance of 1 kpc from
the center of mass; (b) any two bodies came within 30rs
(where rs = 2GM/c
2 is the Schwarzschild radius) of each
other or the gravitational radiation timescale dropped
below 105 yr (roughly the dynamical time) for any pair,
or (c) the total time elapsed reached 6 × 106 yr. We
selected out just those runs where the intruder never
came within 5000 Schwarzschild radii (∼0.2 pc) of ei-
ther binary member, reflecting the scale below which an
α–disk (Shapiro & Teukolsky 1983) with sufficient mass
to fuel the quasar might be disrupted. This is also
about the size inferred for the broad-line region of the
HE0450-2958 quasar (Greene & Ho 2005; Merritt et al.
2005). Of the runs not terminated by criterion (b) or
(c), the closest approach of the intruder was > 5× 103rs
in 36% and > 104rs in 22% of the runs. To each
successful run we then assigned a galaxy based on the
empirical black hole/bulge correlations. Each galaxy
was modeled as a Hernquist profile (Hernquist 1990)
with a bulge virial mass (Marconi & Hunt 2003) Mvir ≈
3Reσ
2/G chosen according to a log-normal distribution
with a mean given by the relation (Marconi & Hunt
2003) Mvir ≈ (1.71 × 1011M⊙)[M/(4 × 108 M⊙)]1.04
and standard deviation of 0.25 dex (Marconi & Hunt
2003). The velocity dispersion was calculated from the
M–σ relation (Tremaine et al. 2002), σ ≈ (262 km s−1)
[M/(4× 108M⊙)]0.249, and the bulge scale radius set by
Re = GMvir/3σ
2. We then added to the stellar bulge a
dark matter halo with a mass ratio that is an order of
magnitude larger than the cosmic matter-to-baryon ra-
tio (corresponding to a star formation efficiency of 10%)
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Fig. 2.— Probability P of observing the black hole at various
projected separations D and line-of-sight velocities v. The colors
are scaled in logP (D, v), where P (D, v) is the probability density
for obtaining the values (D, v). The probability incorporates the
length of time spent by the ejected black hole at these values, av-
eraged over ∼ 104 successful runs (which were neither terminated
before the ejection nor eliminated by our minimum-distance cri-
terion). The white star shows the estimated coordinates of the
HE0450-2958 quasar based on the radial velocity range reported
in Magain et al. , with errors bracketed by the white lines. The
yellow (thicker) lines indicate the magnitude of the quasar’s red-
shift relative to the galaxy (30±20 km/s) measured by Merritt et
al. (2005). The histograms show the corresponding projections of
P onto the D and v axes.
and a concentration parameter of 9.0(Mhalo / 2.10 ×
1013 M⊙)
−0.13 with a scatter of 0.18 dex (Bullock et al.
2001).
The black hole was ejected radially from the galac-
tic center with the final velocity from the 3-body run
and its trajectory integrated for 6 × 107 yr. We im-
posed dynamical friction with lnΛ = 3, which had al-
most no effect on the trajectories in high velocity ejec-
tions, but efficiently damped out those with low ve-
locities. Finally, we chose a random line of sight and
projected all distances and velocities accordingly. We
added up the total time spent in each logarithmic dis-
tance and velocity bin to assess the relative probability
of seeing the quasar at different projected separations
and line-of-sight velocities. Figure 2 shows the result-
ing probability distributions. The observed parameters
of the quasar under consideration, D ∼ 7.2 kpc and
v . 200 kms−1, appear to be fairly typical in the statis-
tics of our runs. Note that the results scale simply with
the black hole mass in our model. If the inner binary
always starts at a fixed fraction of the hardening radius,
then Mbh ∝ σ4 gives abin ∝ Mbh/σ2 ∝ M1/2bh . We then
have vej ∝
√
Mbh/abin ∝ M1/4bh ∝ σ. The self-similarity
of the Hernquist model implies that the turnaround dis-
tance rmax in units of the galactic scale radius is fixed
by vej in units of σ. Since vej/σ is constant, we get
rmax ∝ Re ∝ M1/2bh . Hence neglecting minor deviations
from self-similarity due to dynamical friction, we expect
the velocities in our plots to scale roughly as M
1/4
bh and
distances as M
1/2
bh .
4. DISCUSSION AND CONCLUSIONS
We have proposed that the HE0450-2958 quasar,
around which no galactic host has so far been detected,
4was ejected from the nearby galaxy in a three-body in-
teraction following a merger of a massive gas-rich galaxy
with a giant elliptical. This scenario explains (a) the
fueling of the bright quasar displaced by ∼7 kpc from
the galactic center; (b) the survival of the binary in the
gas-poor galaxy before the merger; and (c) the disturbed
appearance of the companion galaxy. One may also ask
how the presence of the “blob” and narrow line emis-
sion in the quasar spectrum, both indicative of ionized
gas in the quasar’s vicinity far outside the black hole
radius of influence, fit into the ejection picture. Mer-
ritt et al. (2005) infer a size of roughly 1.5 kpc for the
narrow-line region (NLR). Since the gas at this distance
cannot possibly be bound to the black hole, they argue
that the very small observed redshifts between quasar,
galaxy, and narrow emission line gas rule out the ejec-
tion scenario. However since the ejected quasar would
spend most of its time near turnaround, we find a quite
small velocity difference between the quasar and ULIRG
to be consistent with the high-velocity ejection model.
For instance, the black hole modelled in Figure 1, with
vej ∼ 1200 km s−1, spends 17% of its time with v < 100
km/s. After projecting onto the line of sight and aver-
aging over many runs as in Figure 2, one can see that
very small velocities are still prevalent in our statistics
at distances around 7 kpc.
In galaxy merger simulations including feedback from
star formation and AGN (Springel et al. 2005), large
amounts of gas are blown from the galactic center out
to distances of ∼5–10 kpc during the coalescence of the
two nuclei. The disturbed system also shines as a ULIRG
during most of this phase. Once the feedback shuts off,
the gas that does not escape settles back into the in-
ner galaxy on the dynamical timescale of ∼108 yrs. The
mass in narrow line emitting gas inferred from absolute
line fluxes in typical NLR is around 105−6M⊙ (Peterson
1997). Ten million years after the core merger, more
than this mass in gas below 105 K would likely be avail-
able within the few kpc sphere surrounding a black hole
ejected to a distance of ∼7 kpc. It is plausible that
clouds formed from this cool gas could produce the ob-
served narrow line emission in the quasar spectrum while
the black hole (and gas) are near turnaround. The ob-
served blob would be a portion of the gas photoionized
by anisotropic radiation from the quasar. It is not feasi-
ble for Bondi accretion from this external gas to fuel the
quasar, as the densities required are unrealistically high.
Rather the quasar must be fueled by the remnant inner
accretion disk dragged with it from the galactic center,
which can remain bound to it through the ejection as
demonstrated above.
Our proposed scenario is viable as long as the merger
process does not induce coalescence of the binary through
dynamical friction on a rearranged distribution of stars
and gas, before the three black holes interact. For typical
parameters, we find that the feeding of the loss cone of
stars by tidal interactions during the merger is not suffi-
cient to cause coalescence of the binary before the third
black hole sinks in (Roos 1981). Coalescence through
friction on gas would be possible by momentum conser-
vation only if a large quantity of gas, comparable to or
larger than the binary mass, is channeled through the
interior of the binary before the three black holes inter-
act. However, since the gas initially resides within the
quasar’s original host galaxy, it is more likely to fuel the
quasar before reaching the nucleus of the dry elliptical
that hosts the binary. Feedback from the quasar could
then easily supply sufficient energy to prevent the gas
which gets tidally-stripped from the outer envelope of its
host galaxy (Wyithe & Loeb 2003) from settling into the
few parsec scale region surrounding the binary before the
three black holes interact.
Both our calculations and the identification of HE0450-
2958 as a quasar without a typical host (Magain et al.
2005) are based on the correlations between black hole
masses and their host bulges established for isolated,
quiescent galaxies. The extension of these correlations
to active and merging systems is somewhat less certain.
Several authors (Greene & Ho 2005; Onken et al. 2004;
Wandel 2002) have studied the MBH–σ and MBH–Mbulge
relations in active galaxies and reported statistically sig-
nificant deviations from the slope and zero-point mea-
sured for inactive systems, as well as slightly larger scat-
ter. However the reported deviations are not typically
greater than a factor of 2-3 and hence qualitatively sup-
port our application of the correlations to an interacting
system.
Since the mass of the HE0450-2958 black hole and cor-
responding expected host properties are uncertain, one
cannot prematurely conclude that it is truly a “naked”
quasar. Further observations, particularly in bands ad-
mitting a higher ratio of galaxy to quasar luminosity, are
needed to place tighter constraints on the properties of
any host galaxy. This paper demonstrates the plausi-
bility of a three-body ejection producing a naked quasar
near a recently-merged galaxy. If such a system is unam-
biguously observed, this would provide a key link in our
understanding of galaxy formation and the hierarchical
buildup of supermassive black holes.
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